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Abstract—Fuel-cell power systems comprising single-phase
DC/AC inverters draw low-frequency AC ripple currents at twice
the output frequency from the fuel cell. Such a 100/120 Hz ripple
current may create instability in the fuel cell system, lowers its
efﬁciency, and shortens the lifetime of fuel cell stack. This paper1
presents a waveform control method that can mitigate such a
low-frequency ripple current from being drawn from the fuel
cell while the fuel-cell system delivers AC power to the load
through a differential inverter.Theoretical analysis, simulation,
and experimental results are provided to explain the operation
and showcase the performance of the approach. Results validate
that the proposed solution can achieve signiﬁcant mitigation of
the current ripple as well as high quality output voltage without
the need for extra hardware.
Index Terms—Fuel cell, waveform control, low-frequency cur-
rent ripple, active method, pulsation power, decouple.
I. INTRODUCTION
The conversion of DC power into AC power through a
single-phase inverter will typically introduce a low-frequency
current ripple (at twice the AC output voltage frequency)
at the DC input side of the power conversion system. In
a typical 50 Hz or 60 Hz single-phase inverter system, the
ripple is respectively 100 Hz and 120 Hz [1], [2]. The
1This research are supported by the National Natural Science Foundation of
China (NSFC) number 51107092, University Grants Committee of the Hong
Kong Special Administrative Region, Research Grants Council Earmarked
Research Grant number PolyU 5283/08E, China Postdoctoral Science Foun-
dation funded project number 2012M511693 and the Fundamental Research
Funds for the Central Universities of China number 2011-IV-117.
presence of such a ripple is detrimental and damaging to a
DC source made up of fuel cells. As pointed out in [2]–[6],
the various disadvantages include 1) signiﬁcant wastage in
fuel consumption [2], 2) oxygen starvation leading to reduced
maximum power generation [3], 3) poor dynamic response [4],
4) nuisance tripping at heavy load [5], and 5) shortening of
fuel cell’s lifetime [6].
In particular, various passive energy storage compensation
methods have been proposed in [7], which involve the in-
corporation of a large DC capacitor, passive-resonant circuit,
or battery at the DC line. The drawback of this approach is
that the product size and cost will be increased. Alternative
solutions involving active harmonic ﬁlter compensation using
an external converter were also proposed to mitigate the low-
frequency current ripple [8]–[12]. While these methods are
feasible, they also require extra hardware and are typically
not preferred.
In this paper, an approach of mitigating low-frequency cur-
rent ripple of fuel cell power system through the application of
waveform control on differential power inverters is proposed.
The proposed solution achieves signiﬁcant suppression of the
low-frequency current ripple without any additional compo-
nent, circuit, or electrolytic capacitor, therefore maintaining
the overall size and cost. Application of the solution is targeted
at systems where current ripple mitigation is required, such as
for the purpose of eliminating electrolytic capacitor in PV and
978-1-4673-0803-8/12/$31.00 ©2012 IEEE 4457
LED systems.
II. FUEL-CELL SYSTEMS BASED ON DIFFERENTIAL
INVERTERS
A. Overview
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Fig. 1. Diagram of fuel cell with a differential inverter.
Differential inverters have been widely applied to AC ap-
plications powered by DC sources, e.g. in fuel cell inverter
systems, due to its advantages of high efﬁciency, reduced
size, and low cost [13]–[16]. Fig. 1 shows a diagram of a
fuel cell system with a differential inverter. Here, vin and
iin respectively represent the input voltage and current of
the differential inverter, which is also the output voltage and
current of the fuel cell. The output voltage and current of the
inverter, which are both AC sinusoidal quantities, are depicted
as vo and io, respectively. vo is the difference of vc1 and vc2,
which are the voltages of the inverter’s output capacitors C1
and C2, respectively.
B. Analysis
A differential inverter is an inverter made up of two identical
bi-directional DC/DC converters to deliver in a single stage,
either a boost, a buck or a buck-boost operation together with
the voltage inverter function. Based upon the DC/DC converter
type, each converter will generate a DC biased AC output
voltage that is higher or lower than the fuel cells voltage
of which when the outputs of the two DC/DC converters
are combined, only a pure AC output voltage is generated.
In conventional practice, a voltage control will be applied
on the respective converter to ensure that the output voltage
of each converter and their combined output voltage will be
respectively
vc1 = Vd +
1
2
Vmax sin(ωt), (1)
vc2 = Vd +
1
2
Vmax sin(ωt− π), (2)
vo = vc1 − vc2 = Vmax sin(ωt), (3)
where vc1 and vc2 are the output voltage of the two DC/DC
converters, Vmax is the amplitude of the output voltage vo, ω
is the line frequency, and Vd is the DC-biased voltage of vc1
and vc2. From (3), it can be observed that the required output
is as desired, i.e., comprising only the AC component.
The boost-inverter produces a signiﬁcant level of low-
frequency ripple current at the input side which can damage
the FC system [12]. For a single-phase fuel-cell inverter system
operating with unity power factor, assuming 100% power
efﬁciency, and the fuel cell voltage is constant, the low-
frequency ripple current at the input side is
iinac =
VmaxImax
2Vin
cos(2ωt). (4)
As given in (4), the 2ωt ripple current drawn from the fuel cell
can be signiﬁcant if no capacitor is installed at the DC side
to provide energy buffering. Fig. 2(a) shows the waveforms
of a differential inverter operating with unity power factor as
described in this section.
C. Altering of the Waveforms of Differential Inverter
From (3), it can be seen that it is possible to individually
control the output voltages of the DC/DC converters of the
differential inverter, i.e., vc1 and vc2 such that they differ from
(1) and (2), while still maintaining a pure sinusoidal output
voltage vo. For example, the component F (t) can be added to
(1) and (2) to give
vc1 = Vd +
1
2
Vmax sin(ωt) + F (t), (5)
vc2 = Vd − 1
2
Vmax sin(ωt) + F (t). (6)
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Fig. 2. Waveforms of a differential inverter operating with unity power factor (a)without waveform method and (b) with waveform control method.
However, vo = vc1 − vc2 = Vmax sin(ωt) will still be
equivalent to (3). The ability to alter vc1 and vc2 brought up
the question as to whether the adding of such compensating
components can mitigate the input current ripple given in (4)
and shown in Fig. 2(a). We found that this is hypothetically
possible. If vc1 and vc2 are controlled such that they behave
the way as shown in Fig. 2(b), the input current ripple will
be reduced. This is the so-called waveform control method
proposed in this paper.
III. PROPOSED WAVEFORM CONTROL METHOD
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Fig. 3. Schematic of the boost-type differential inverter.
In this paper, a boost-type differential inverter made up of
two bi-directional boost converters (see Fig. 3) is adopted as
the case study example in the fuel cell system for describing
the proposed waveform control. Here, Vin is the DC input
voltage, L1 and L2 are the power inductors, T1–T4 are the
power switches, D1 and D2 are the free-wheeling diodes, C1
and C2 are the output capacitors, and R is the load resistance.
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Fig. 4. Three-dimensional plot of the relationship of B, Vd and C.
If the capacitor voltages of the two boost converters can be
respectively controlled as
vc1 = Vd +
1
2
Vmax sin(ωt) +B sin(2ωt+ ϕ), (7)
vc2 = Vd − 1
2
Vmax sin(ωt) +B sin(2ωt+ ϕ), (8)
then vo will be equivalent to (3). The objective of the wave-
form control method is to ensure that the capacitor voltages
follow precisely (7) and (8). According to [17], to maximize
the efﬁciency of the converter, the minimum DC bias for the
converters is
Vd >
1
2
Vmax + Vin +B. (9)
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Therefore, the input current of the inverter will be
iin =
VmaxImax + 2B2Cωsin(4ωt+ ϕ)− VmaxImaxcos(2ωt)
2Vin
+
1
2
V 2maxωCsin(2ωt) + 8VdBCωcos(2ωt+ ϕ)
2Vin
. (10)
From (10), there are three components in the input current
iin. They are the DC part of VmaxImax2Vin , the component at 4ω
which is 2B
2Cωsin(4ωt+ϕ)
2Vin
, and the low-frequency component
at 2ω which is
iin(2ω) =
−VmaxImaxcos(2ωt) + 12V 2maxωCsin(2ωt)
2Vin
+
8VdBCωcos(2ωt+ ϕ)
2Vin
. (11)
From (11), it can be seen that if iin(2ω)=0, which means that
there will not be a 2ω component in the input current iin.
Then, amplitude B is derived as
B =
Vmax
8VdωC
√
I2max + ω
2C2V 2max/4 (12)
and the phase angle ϕ is derived as
ϕ =
π
2
− sin−1 Imax√
I2max + ω
2C2V 2max/4
. (13)
By ensuring that the capacitor voltages track precisely equa-
tions (7) and (8), of which B and ϕ are calculated from (12)
and (13), the low-frequency current ripple of the inverter will
be mitigated.
IV. ANALYSIS ON THE WAVEFORM CONTROL METHOD
According to (12), the capacitor C and its DC offset voltage
Vd are inversely proportional to B. At the same time, Vd and
B should satisfy the inequality given in (9). Additionally, with
the boost differential inverter, a large amplitude of Vd and B
would mean a big duty cycle, which may lead the converter
to operate at the saturation region of the duty cycle. The size
of C is also an important factor that will increase the overall
size and cost of the system. Thus, with all these constraints
in mind, the three parameters must be optimized and designed
accordingly to the application.
Fig. 4 shows a three-dimensional plot of the relationship
of C, Vd, and B calculated with Po=170 W at f=50 Hz
and Vmax =
√
2×110 V using equation (12). It can be
seen that C=15 μF, Vd =213 V, and B=43 V. According
to (13), it can be calculated that ϕ=0.1659. Thus, vc1 =
213 + 77.75 sin(ωt) + 43 sin(2ωt+ 0.1659) and vc2 = 213−
77.75 sin(ωt) + 43 sin(2ωt+ 0.1659).
Figs. 5(a)–(f) show the simulated operating waveforms of
the boost inverter with a sinusoidal AC output voltage.
Figs. 5(a) and 5(d) show the waveforms of the duty cycle
signals without the waveform control and with the proposed
waveform control method, respectively, where d1 and d2 are
the duty cycles of the two bi-directional boost converters. From
the ﬁgures, it can be seen that the output voltage is zero at
approximately d1 = d2=0.58. The ranges of d1 and d2 are
0.33–0.69 without the waveform control method and 0.15–0.7
with the proposed waveform control method. Both ranges are
well within the practical limits of the boost converter.
Figs. 5(b) and 5(e) show the waveforms of vc1, vc2 and vo
of the boost differential inverter without the waveform control
and with the proposed waveform control method, respectively.
It can be seen that the output voltage vo is sinusoidal in both
cases even though in the case of waveform control vc1 and
vc2 are distorted with a double-line-frequency component.
Figs. 5(c) and 5(f) show the waveforms of iL1, iL2 and iin
without the waveform control and with the proposed waveform
control method, respectively. In the case of without waveform
control, the input current iin contain a high level of double-line
frequency ripple. In the case of the proposed control method,
the ripple of the input current is signiﬁcantly mitigated. The
ripple is at four times the line frequency and the amplitude is
reduced to less than 10% of that without the waveform control,
from 3.8 Arms to 0.38 Arms.
V. EXPERIMENTAL RESULTS AND DISCUSSIONS
To validate the proposed waveform control method, the
boost differential inverter prototype as shown in Fig. 3 was
implemented. The speciﬁcations of the prototype are given in
Table I. The control platform is built with TMS320LF2812.
Figs. 6(a)–6(d) show the voltage and current waveforms
of the boost inverter operating at rated power under a pure
4460
 	 	 	
 	 	

	
	
	
	










	






 	 	 	
 	 	













 
!














 	 	 	
 	 	









"

#
#

$






%





 	 	 	
 	 	

	
	
	
	










	






 	 	 	
 	 	













 
!














 	 	 	
 	 	









"

#
#

$






%





	 
	 
!
+	

+
	 
	 
!
+	

+
,,"#!  ! !!",,"#! !"#!!!!
!"- "#!  ! !!!"-"#! !"#!!!!
# "#!  ! !! "#!!"#!!!!
!
"-
Fig. 5. Duty cycle, voltage and current waveforms of the boost differential inverter without waveform control method (a)–(c) and with proposed waveform
control method (d)–(f).
resistive R load both with and without waveform control
methods. Fig. 6(a) and 6(c) show the waveforms of the
capacitor voltages, output voltage and load current of the in-
verter respectively without the waveform control and with the
waveform control methods. It is illustrated that the same output
voltage and load current can be obtained from the both control
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TABLE I
SPECIFICATIONS OF BOOST DIFFERENTIAL INVERTER
Input voltage Output voltage Rated power Fundamental frequency Switch frequency Inductors Capacitors
90 V 110 V 170 W 50 Hz 20 kHz 300 μH, 10 A 15 μF, 800 V, ﬁlm cap.
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Fig. 6. Voltage and current waveforms of the inverter under a pure resistive load.
methods even though the capacitor voltages are different.
Fig. 6(b) and 6(d) show the waveforms of the inductor current
and the input current of the inverter respectively without the
waveform control and with the waveform control methods. It
is illustrated that with the proposed waveform control method,
the input current ripple is mitigated to a magnitude of less than
13% (from 6 A to 0.8 A) of the ripple obtained without the
waveform control method.
VI. CONCLUSIONS
A waveform control method for mitigating low-frequency
current ripple in fuel cell inverter systems is proposed in
this paper. The mechanism of the proposed method is ana-
lyzed, discussed, and experimentally veriﬁed. It is shown that
with the proposed method, the low-frequency power pulsation
caused by AC output is absorbed by the capacitors while the
fuel cells kept a constant supply of DC power to the capacitors,
thereby eliminating the effect of low-frequency ripple from
affecting the properties of fuel cells. Since capacitor voltages
4462
can be large without affecting the desired AC output voltage,
capacitors of the inverter can be minimized. This may allow
the use of ﬁlm capacitors over electrolytic capacitors, thereby
improving the inverter’s lifetime. The proposed method is ap-
plicable in systems where current ripple mitigation is required,
such as for the purpose of eliminating electrolytic capacitor in
PV and LED systems.
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